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Abstract. One of the impacts of coal mining is the contamination by Acid Mine Drainage (AMD). Among the alternatives
proposed for the AMD treatment, a promising one is through Microbial Fuel Cells (MFCs), whose electrical performance
can be characterized by obtaining polarization curves (PCs). Thus, this study proposes an experimental validation of a
steady state a model for the prediction of the characteristic equation of the PC of MFCs, applying a least squares fitting
to estimate the parameters. The experiments consisted of two double-chamber MFCs operating in fed-batch for 75 days,
each separated by different proton exchange membranes (PEM): one used Nafion™ 117 (MFC-NA) and another, bacterial
cellulose (MFC-BC). The cathodic chambers were filled with AMD and inoculated with sulfate-reducing bacteria. Exper-
imental PC obtained for MFC-BC showed higher power and current densities than that for MFC-NA. The comparison
of the curves obtained by the fitting with experimental data from a study found in the literature, as well as the data from
experiments in this paper, demonstrate the potential of the method proposed. In future works, it is expected to test the
fitting methodology developed in this paper for different MFC systems, aiming to improve its predictive ability.
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1. INTRODUCTION

A common environmental problem in coal mining sites, especially at abandoned ones, is the presence of Acid Mine
Drainage (AMD), which, if left untreated, can reach surface or groundwater. The AMD results from a series of chem-
ical, electrochemical, and microbiological reactions, which are triggered by exposure of metal sulfides to oxygen and
atmospheric water (Alegbe et al., 2019; Skousen et al., 2019).

Generally, the AMD is characterized by a low pH, a high amount of dissolved metals (mainly iron), high values of
electrical conductivity and high concentrations of sulfate. Such characteristics are sufficient for the water to be unfit for
potable, agricultural, industrial or commercial use (Alegbe et al., 2019; Skousen et al., 2019).

Different technologies have been used for the AMD treatment. An alternative approach is the treatment through
Microbial Fuel Cell (MFC), with the possibility of generating electricity in the process. A MFC is a bioelectrochemical
system that generates energy from organic compounds with the help of electroactive microorganisms to catalyze oxidation
and reduction reactions (Ai et al., 2020; Foudhaili et al., 2019; Hai et al., 2016; Leiva et al., 2016; Peiravi et al., 2017;
Peng et al., 2017; Rodrigues and Leão, 2020; Vélez-Pérez et al., 2020).

However, the MFC technology has not been successfully applied on larger scales yet, due to the low performances
registered and the high costs of the materials used. Thus, for scale up of MFCs to be possible, in order to make this
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technology viable, it is necessary to optimize performance, develop new materials and improve the constructive and
design parameters of these devices (Ramya and Kumar, 2022; Vilas Boas et al., 2022).

To optimize the performance of a MFC it is important to characterize its efficiency in terms of electric power generation
and an efficient methodology for this is through the construction of polarization curves (PC). These curves relate the
voltage and current (or current density) values, and make it possible to identify the main voltage losses (overpotentials)
that limit the system (Koók et al., 2021; Serra et al., 2020).

An ideal PC for any fuel cell includes three characteristic regions located at different electrical current ranges where
three regions can be identified, each of them associated with an overpotential: the region of charge transfer derived
overpotentials, also named activation losses, at low currents; the ohmic overpotentials in the linear region, at intermediate
currents; and the mass transport overpotentials region, also named concentration losses, at higher currents (Zhao et al.,
2009).

The task of optimizing MFCs is complex, as it requires multidisciplinary concepts from areas such as microbiology,
electrochemistry and materials science. Thus, the experimental investigation of the effect of each parameter, either in-
dependently or in possible combinations with other parameters, ends up becoming an expensive and time-consuming
process (Gadkari et al., 2018; Jadhav et al., 2021; Xia et al., 2018).

An alternative to save time and resources in the process of investigation and optimization of MFCs is through the
development of mathematical models, which can be used to simulate different configurations and operational conditions,
providing important predictions about the influence on performance that is exerted by different parameters (Deb et al.,
2020; Gadkari et al., 2018; Jadhav et al., 2021; Ortiz-Martínez et al., 2015; Recio-Garrido et al., 2016; Xia et al., 2018).

The construction of a mathematical model to represent complex systems can be extremely complicated. One possibility
is to represent such systems through empirical correlations, based on experimental data. In this sense, the curve fitting is
an efficient methodology to determine the values of the parameters of a model (Charafeddine and Ouardi, 2020).

Therefore, this paper proposes an experimental validation of a developed model and least squares fitting of the per-
formance of a MFC applied to the AMD treatment and electricity generation, enabling the prediction of the characteristic
equation of the polarization curve of MFCs in steady state, through the parameters estimation. It is expected that the
parameter fitting methodology presented in this paper will help to characterize the efficiency of the MFC system proposed
here for electrical energy production.

2. MATERIAL AND METHODS

2.1 MFCs construction and operation

Two double-chamber MFCs were constructed, each from two cylinders (8 × 33 cm) of plexiglass, joined with a PVC
pipe containing a 5 cm diameter proton exchange membrane (PEM). In one MFC (MFC-NA), Nafion™ 117 was used
as PEM; for comparison, in another MFC (MFC-BC), bacterial cellulose (BC), produced by Komagataeibacter hansenii
ATCC 23769, was used as an alternative cheaper PEM. According to Vilela et al. (2018), the application of BC as a PEM
has potential due its protonic conductivity and mechanical properties.

Anode and cathode electrodes were made of carbon felt (AvCarb™, 2 × 5 cm), and were connected by a resistor of
1 kΩ by titanium wire. The anodic chambers were filled with 1.9 L of phosphate buffer medium (pH = 7.0), containing
1 g/L sodium acetate and 100 mL of sludge from municipal wastewater treatment plant (Criciúma, Brazil). The cathodic
chambers were filled with 1.9 L of AMD (pH approximately 2.8), 1 g/L of sodium lactate, 100 mL of microbiota enriched
in sulfate-reducing bacteria (SRB) and 50 g of rice husk, mimicking a selective permeable barrier (SPB). The utilized
AMD was from a coal mine located in the city of Treviso (Brazil).

The MFCs were operated in fed-batch for 75 days. Whenever the potential was lower than 100 mV, the entire cathodic
solution was replaced, and was added in the anodic chamber glucose (1 g/L) and the phosphate buffer medium, in order to
maintain the pH = 7.0. A schematic diagram of the dual-chamber MFC configuration used in this study is shown in Fig.
1.

2.2 Analytical methods

The voltage at external resistor of 1 kΩ was measured and registered using a sensor (WorkTemp™ wt290-ac). A set
of seven external resistances (OCV, 1000, 556, 217, 100, 56 and 22 Ω) were used as load to obtain a polarization curve
(PC), which was performed on day 75 by the single-cycle method, once the voltage stabilized after the MFC was fed. In
the single-cycle method, according to Watson and Logan (2011), each resistance is connected for 20 minutes intervals and
the voltage is recorded over a single batch cycle.
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Figure 1. Schematic diagram of the MFC configuration used in this study.

2.3 Steady-state model and least squares fitting method

Serra et al. (2020) proposed a method that allows quantifying each of the power losses and identifying their contribu-
tion on the overall polarization curve (PC), so that its equation can be estimated. The ohmic overpotential (ηohm), due to
their linear behavior, were modeled by Ohm’s Law,

ηohm = a1x, (1)

where x refers to electrical current, and a1 to the internal resistance (Rint).
Activation losses (ηact) were modeled using the Tafel equation,

ηact = a2 ln

(
x

a3
+ 1

)
, (2)

where a2 is related to the MFC’s characteristics, and a3 represents the relationship between the current density of the MFC
and its exchange current density. The exchange current density characterizes the catalytic ability of the electrode (Serra
et al., 2020).

Finally, the concentration losses (ηconc), was calculate by,

ηconc = a4 exp(a5x), (3)

where a4 is a constant that depends on the MFC and its operational state, and the parameter a5 is related to the lim-
iting electrical current, referring to the state where reactant consumption occurs at a rate equal to its maximum supply
speed (Serra et al., 2020).

The resulting voltage across the MFC terminals was obtained by subtracting from the theoretical electric potential,
simplified by the open circuit voltage, the contributions of each of the potential losses,

f(x,a) = a0 − a1x− a2 ln

(
x

a3
+ 1

)
− a4 exp(a5x), (4)

where the term a0 refers to open circuit voltage (OCV) of MFC (Serra et al., 2020).
The experimental data and steady-state model, showed in Eq. (4) and presented by Serra et al. (2020) were employed

for fitting the PCs. In order to fit the experimental data to a linear function, it is necessary to obtain the values of parameters
a0 and a1 in the first two terms of Eq. (4). For fitting the data to a non-linear function, it is necessary to obtain all the
values of the parameters a of Eq. (4). In both adjustments, the parameters were obtained by the least squares fitting
method, whose objective is to minimize the residue function given by,

r(a) =
1

2

m∑
i=1

ri(a)2, (5)

where the residue is represented by ri(a) = f(xi, a) − yi. The term a is a vector with components ai(i = 0, 1, . . . , 5);
xi and yi are the experimental data, current (or current density) and voltage, respectively. The fitting of the parameters of
the PC curve was made in a computer program written in the Python programming language, using the numpy and scipy
libraries.
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3. RESULTS AND DISCUSSION

Polarizations curves (PCs) obtained for MFC-BC and MFC-NA are presented in Fig. 2. At the same voltages, the
MFC using bacterial cellulose (BC) showed higher power and current densities than that using Nafion™ 117, which was
also reported by Vilela et al. (2020). During the operation, the maximum power density presented by MFC-BC was also
higher (60.84 mW/m2) than that presented by MFC-NA (37.45 mW/m2).

Figure 2. Polarization curves built for MFCs with bacterial cellulose (MFC-BC) and Nafion™ 117 (MFC-NA).

As BC is a material of biological origin, and considering that MFCs are devices where microorganisms are responsible
for energy production, a hypothesis for the better results obtained with MFC-BC is that there is more biocompatibility
in the medium, providing less impact on the microbiota and, therefore, larger energy production compared to MFC-NA.
Furthermore, according to Ko et al. (2015), the pristine BC membrane hydrogel properties are believed to promote proton
transfer through the hydrogen bond network of water molecules.

Figure 3 presents the experimental data by Serra et al. (2020) referring to the day on which a maximum power density
was achieved, and the PC obtained by the non-linear fit performed in our fitting. The non-linear fit presents a good
correlation with the behavior of the polarization experimental data.

Figure 3. Comparison between the experimental polarization data reported by Serra et al. (2020) and those obtained by
the non-linear fit in this study.

A comparison between the parameters estimated by Serra et al. (2020) and those estimated in this work by the non-
linear fit can be seen in the Tab. 1. The values of the parameters estimated were very close to the values reported by the
author, with sum of the squares of the differences between the estimated values and the observed data (i.e. the residual
value), calculated by Eq. (5), r(a) = 1.645× 10−4.
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Table 1. Parameters estimated by Serra et al. (2020) and those estimated in this study.

Parameter Serra et al. (2020) Present work
a0 (OCV) 0.6795 V (fixed) 0.6795 V (fixed)
a1 (Rint) 50.51 Ω 50.56 Ω

a2 0.06365 0.06394
a3 0.00003628 0.00003672
a4 0.002671 0.002628
a5 967.4 968.8

Figure 4 presents the PC from non-linear fit for the experimental polarization data of MFC-BC. The non-linear fit
from PC to MFC with bacterial cellulose show good correspondence in graphics. Figure 5 shows the PC from non-linear
fit for the experimental polarization data of MFC-NA. The non-linear fit from PC to MFC with Nafion™ 117 showed
a linear profile, although it follows the PC trend. The residual values for MFC-BC and MFC-NA are, respectively,
r(a) = 1.707× 10−3 and r(a) = 1.868× 10−2.

Figure 4. Comparison between the experimental polarization data and those obtained by the non-linear fit for MFC-BC.

Figure 5. Comparison between the experimental polarization data and those obtained by the non-linear fit for MFC-NA.

The estimated parameters for the experimental polarization data of MFC-BC and MFC-NA are showed in Tab. 2. The
internal resistance obtained for the MFC using Nafion™ 117 as a PEM is almost three times higher (442.1 Ω) than that
obtained for the MFC using BC membrane as a PEM (151.7 Ω). The high internal resistance presented by the MFC-NA
can be observed by the predominance of the linearity region in its polarization curve (Fig. 5).
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Table 2. Parameters estimated by non-linear regression for MFC-BC and MFC-NA.

Parameter MFC-BC MFC-NA
a0 (OCV) 0.827 V (fixed) 0.836 V (fixed)
a1 (Rint) 151.7 Ω 442.1 Ω

a2 -101.3 -503.1
a3 -0.5041 77.19
a4 -0.01327 0.09195
a5 1052.5 0.06209

Additionally, considering the linear characteristic of the experimental polarization curve of MFC-NA (Fig. 5), a linear
fit was performed, also shown in Fig. 6, which resulted in the following coefficients and residual: a0 = 0.74405 V; a1 =
435.62 Ω; and r(a) = 1.868× 10−2.

Figure 6. Comparison between the experimental polarization data and those obtained by the linear and non-linear fits for
MFC-NA.

Therefore, in future studies, it is intended to experimentally verify the ohmic resistance value throughs the electro-
chemical impedance spectroscopy (EIS) analysis, as done by Hidalgo et al. (2015), to analyze internal resistance values
in a MFC system.

4. CONCLUSIONS

The feasibility of the MFC system proposed here in electricity generation from AMD was demonstrated. The MFC
with BC as a PEM showed higher power and current densities than that using Nafion™ 117, indicating that BC membrane
can be a more economical substitute for energy production in these devices.

This study also proposed a computational method to estimate parameters and predict the PC shape of MFCs, based on
a mathematical model presented in a previous study (Serra et al., 2020). The comparison of the curves obtained by the
fitting with experimental data from the aforementioned previous study, as well as the data from experiments in this work,
demonstrate the potential of the method proposed here. In future works, it is expected to test this method for PCs from
MFCs with different architectures and conditions, aiming to improve its predictive ability.
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